1. Species range limits are thought to result from a decline in demographic performance at range 24 edges. However, recent studies reporting contradictory patterns in species demographic perfor-25 mance at their edges cast doubt on our ability to predict climate change demographic impacts. To 26 1 understand these inconsistent demographic responses at the edges, we need to shift the focus from 27 geographic to climatic edges and analyse how species responses vary with climatic constraints at 28 the edge and species' ecological strategy. 29 2. Here we parameterised integral projection models with climate and competition effects for 27 30 tree species using forest inventory data from over 90,000 plots across Europe. Our models esti-31 mate size-dependent climatic responses and evaluate their effects on two life trajectory metrics: 32 lifespan and passage time -the time to grow to a large size. Then we predicted growth, survival, 33 lifespan, and passage time at the hot and dry or cold and wet edges and compared them to their 34 values at the species climatic centre to derive indices of demographic response at the edge. Using 35 these indices, we investigated whether differences in species demographic response between hot 36 and cold edges could be explained by their position along the climate gradient and functional 37 traits related to their climate stress tolerance. 38 3. We found that at cold and wet edges of European tree species, growth and passage time were 39 constrained, whereas at their hot and dry edges, survival and lifespan were constrained. Demo-40 graphic constraints at the edge were stronger for species occurring in extreme conditions, i.e. in 41 hot edges of hot-distributed species and cold edges of cold-distributed species. Species leaf nitro-42 gen content was strongly linked to their demographic responses at the edge. In contrast, we found 43 only weak links with wood density, leaf size, and xylem vulnerability to embolism. 44 4. Synthesis. Our study presents a more complicated picture than previously thought with demo-45 graphic responses that differ between hot and cold edges. Predictions of climate change impacts 46 should be refined to include edge and species characteristics.
Introduction
Integral projection models 149 An IPM predicts the size distribution, n(z , t + 1), of a population at time t + 1 from its size dis-150 tribution at t, n(z, t), where z the size at t and z the size at t + 1, based on the following equation 151 (Easterling, Ellner, & Dixon, 2000; Ellner et al., 2016) : 152 n(z , t + 1) = U L K(z , z)n(z, t)dz
(1)
The kernel K(z , z) can be split into the survival and growth kernel (P(z , z)) and the fecundity 153 kernel (F(z , z)), as follow K(z , z) = P(z , z) + F(z , z). P(z , z) is defined as P(z , z) = s(z)G(z , z) 154 and represents the probability that an individual of size z survives between t and t + 1 and reaches 155 the size z . The size of the individuals z can range between L and U. NFI data do not provide 156 direct information on tree fecundity, thus our models describe the fate of a cohort (a cohort IPM For each of the 27 species, we fitted growth and survival functions depending on tree size, the 162 two climatic variables (sggd and wai) and local competition estimated as the sum of basal area of 163 competitors (following Kunstler et al., 2011) . The shape of the climatic response curves and the 164 type of interaction between climate and tree size and climate and competition (which represents 165 a size-dependent response) can have a large impact on vital rates predictions and IPM derived 166 life trajectory metrics. To account for such uncertainties, we re-sampled 100 times 70% of the data 167 to fit the growth and survival models and select the best type of climatic response curves and 168 interactions based on the Akaike information criteria (i.e., lowest AIC) (Burnham & Anderson, 169 2002) . Because there were fewer plots in extreme climatic conditions, we re-sampled the data with 170 a higher probability of sampling plots in extreme climatic conditions for the given species (see 171 details in Supporting Information). Then we used the remaining 30% of the data to evaluate the 172 goodness of fit of the growth and survival models. Goodness of fit and response curves of growth 173 and survival models are presented in the Supporting Information (Figs 4 to 13 ). 174 Growth model 175 After preliminary exploration, we selected two alternative shapes of the climatic response curves: 176 asymptotic or quadratic polynomial corresponding respectively to the equation 2 and the equation 177 3. These equations are flexible and allow for increasing, decreasing, bell or U-shape responses.
178
These two equations also allowed to represent two alternative biological models: (i) either all 179 species have their optimum at high water availability and sum of degree days; or (ii) species have 180 bell-shaped climate response curves with different optima along the climatic variables.
Where G i,p is the annual diameter growth of tree i in plot p, D i is the dbh of tree i, BA i is 182 the sum of basal area of local competitors of tree i per ha (sum basal area of both conspecific and 183 heterospecific trees in the plot in a single local competition index), sgdd p is the sum of growing 184 degree days, wai p is the water aridity index, a 0 to a 7 are estimated parameters, and a 0,p is a normal 185 random plot effect accounting for unexplained variation at the plot level. The intercept a 0,c is 186 country specific to account for differences in sampling protocol between the NFIs and ε i is the 187 unexplained tree level variability following a normal distribution. We also tested models with 188 interactions between the climatic variables -1/sgdd p and 1/wai p for model (2) 
Species distribution 212
To identify the climatic edge of a species range, a simple representation of its distribution in cli-213 mate space is necessary. Across Europe, there is a strong correlation between sgdd and wai, and so 214 we described species ranges along a single climatic axis corresponding to the first axis (PC1) of the 215 PCA of sgdd and wai (Supporting Information, Fig. 3 ). Species showed a clear segregation along 216 this climatic axis in Europe (Fig. 1) . Based on the coordinates on PC1 of the plots where the species 217 was present, we identified the median climate as their median value of PC1 (which we used as an 218 index of species position along the climate gradient), the hot and dry edge (hereafter hot edge) and 219 the cold and wet edge (hereafter cold edge), respectively, as their 5% and 95% quantiles. These To evaluate which species' edges corresponded to an actual limit in the species distribution and 224 not just to limits in data coverage, we fitted species distribution models with BIOMOD2 (Thuiller, where the SDM predicted at least a 10% drop in the probability of presence of the species (Fig. 1 ).
229

Demographic metrics 230
To evaluate how individual tree performance varied between the species' median climate and the 231 climatic edges, we derived four metrics representing key dimensions of population performance.
232
The first two metrics were related to individual vital rates, and were defined by the growth and Supporting Information).
241
We predicted the four demographic metrics at the centre and the hot and cold climatic edges of 242 the species using their positions on the climatic axis. The median, and 5% and 95% quantiles on the 243 PC1 correspond to the projection of a unique combination of sggd and wai for which we predicted 244 the metrics. We integrated uncertainty into our estimates by deriving each demographic metric 245 for all 100 re-sampled growth and survival models (see above we ran the same type of PGLS regressions with four functional traits that are known to influence 277 tree response to climate. We selected the following traits: (i) wood density, because of its links For most species the growth and survival models showed evidence of interactions between cli-291 mate and tree size and for a smaller subset of species also between climate and competition (see 292 Tables 2 and 3 Supporting Information). This indicates that size-dependent climatic responses 293 were common. Model selection over the 100 re-sampled data showed that for 23 species out of 27 294 the most frequently selected growth model included interactions between climate variables and 295 tree size (see Table 2 in Supporting Information). Selection of the best survival model was more 296 variable between the 100 data re-sampling than for the growth models. For 17 species out of 27 297 the most frequently selected survival models included interactions between climatic variables and 298 tree size (see Table 3 Supporting Information). For both growth and survival several species also 299 showed evidence of interactions between climate variables and competition (respectively 12 and 300 11 species out of 27, see Tables 2 and 3 Supporting Information) .
301
Demographic responses differ between edge types and metrics 302
Across the 27 species, we found evidence of a significant decrease in growth and increase in pas-303 sage time (longer time needed to grow from 10 to 60 cm) at the cold edge in comparison with 304 the median climate but no effect at the hot edge (Fig. 2) . In contrast, at the hot edge, we found 305 evidence of a significant decrease in both tree survival and lifespan (Fig. 2) . This is consistent 306 with the hypothesis that at least one metric will decline in performance at the edge, and that dif-307 ferent metrics are affected depending on the edge type. In contrast, we found that lifespan was 308 significantly longer at the cold edge than at the median climate (Fig. 2) . Generally, these patterns 309 were unaffected by local competition (Fig. 3) . It is, however, important to note that the relative 310 decrease in survival at the hot edge and the increase of passage time at the cold edge became 311 non-significant at high levels of competition ( Fig. 3) .
312
Despite the overall demographic response at the edge, there were large variations between 313 species. For each metric and edge type we found species showing a decrease and species showing 314 an increase in performance (Supporting Information ; Figs 16 to 19) .
315
Demographic responses vary with species median climate 316
Growth response at the hot and cold edges was related to the median climate of the species; species 317 associated with hot climates were more constrained at their hot edge while species associated with 318 cold climates were more constrained at their cold edge. This result is depicted in Fig. 4 by a pos-319 itive relationship between the median climate of the species and Ω growth hot edge and a negative relation-320 ship with Ω growth cold edge . The same pattern is visible for passage time, but in the opposite direction, because passage time is longer when growth is slower (Fig. 4) . The responses of Ω m edge for survival 322 and lifespan were much weaker or null. We found a negative relationship for Ω survival hot edge , which was 323 largely related to a few extreme species, and no effect for lifespan ( Fig. 4) .
324
Weak links between demographic response and species traits 325 N mass had the strongest relationship with Ω m edge of all the traits we tested. At the hot edge, species 326 with high N mass experienced a stronger decrease in their survival and lifespan than species with 327 a low N mass (Fig. 5) . In contrast, at the cold edge, species with low N mass experienced a stronger 328 decrease in their survival and lifespan than species with high N mass (Fig. 5 ). In addition, species 329 with high N mass had less limitation of their growth at the hot edge than species with low N mass 330 ( Fig. 5 ). In contrast, species with high N mass had stronger limitation of their growth at the cold 331 edge (Fig. 5 ).
332
Relationships between Ω m edge and wood density, leaf size and xylem vulnerability to embolism 333 (Ψ 50 ) were generally weak ( Supporting Information, Figs 21 to 23 ). Most of these relationships 334 were driven by only a few species ( Supplementary Information, Figs 21 22 23 ). Species with small 335 leaf area had better survival and lifespan at the hot edge and better passage time at the cold edge 336 than large leafed species ( Supplementary Information, Fig. 23 ). Species with high Ψ 50 experienced 337 a stronger decrease in their growth at the hot edge than species with low Ψ 50 (Supplementary 338 Information, Fig. 22 ).
339
Discussion 340 Our analysis based on pan-European forest inventory data and integral projection models of 27 341 tree species, found weak support for the ACH prediction that demographic performance is lower 342 at the climatic edge than at the centre of the species range. Instead, decline in demographic per-343 formance was strikingly different between the cold and the hot edges. At cold and wet edges, the relative demographic responses at the edges vs. the centre (measured by Ω) were not strongly 398 influenced by the degree of local competition. Competition is thus a strong determinant of demo-399 graphic rates but its effect is not stronger at the climatic edge than at the climatic centre (rejecting 400 hypothesis 2). Rather competition blurs demographic constraints at the edge. Indeed, limitations 401 of survival at the hot edge and passage time at the cold edge were significant without competition 402 but not with a high level of competition.
403
Three main reasons could explain the lack of competition effect on the demographic response 404 at the edges in our study. Firstly, properly estimating competition effect with observational data 405 is notoriously difficult (Tuck, Porter, Rees, & Turnbull, 2018) . Secondly, we did not differentiate The box-plots represent the relative difference of the demographic metrics between the climatic edge and the median climate computed over the 100 data resampling and the 27 species for the four demographic metrics (annual diameter growth and survival for an individual 15cm in diameter, passage time from 10cm in diameter to 60cm in diameter and lifespan of tree 15cm in diameter) and the two edge types (hot in red, cold in blue). The p value of the test for the difference in each demographic metric between the edge and the median climate is presented at the top of the box-plot (ns : non significant, * : p value < 0.05, ** : p value < 0.01, *** : p value < 0.001). The p value was computed with a mixed model with species as a random effect (see Methods for details). Figure 3 : Differences in the demographic metrics at climatic edge vs. the median climate of the species distribution without and with a high level of competition. The box-plots represent the relative difference the demographic metrics between the climatic edge and the median climate over the 100 data resampling and the 27 species for the four demographic metrics (annual diameter growth and survival for an individual 15cm in diameter, passage time from 10cm in diameter to 60cm in diameter and lifespan of tree 15cm in diameter), the two edge types (hot in red, cold in blue), and the two levels of competition (without competition: basal area of competitors, BA = 0, no transparency, with a high level of competition: basal area of competitors, BA = 30m 2 ha −1 color transparency). The p value of the test for the difference in each demographic metric between the edge and the median climate is presented at the top of the box-plot (ns : non significant, * : p-value < 0.05, ** : p-value < 0.01, *** : p-value < 0.001). The p-value was computed with a mixed model with species as a random effect (see Methods for details) Species demographic response at the edge -measured as the relative differences of the demographic metrics at climatic edge vs. the median climate of the species distribution -in function of the median position of the species on the first axis of the climate PCA. For each species the mean (point) and the 95% quantiles (error bar) of the demographic response over the 100 data resampling is represented for both the hot (red) and the cold (blue) edges. Phylogenetic generalised least squares (PGLS Lambda) regressions are represented only for significant relationship with a non negligible magnitude of the effect. Gymnosperm and angiosperm species are represented with different symbols. Species demographic response at the edge -measured as the relative differences in the demographic metric at climatic edge vs. the median climate of the species distribution -as a function of species leaf nitrogen per mass. For each species the mean (point) and 95% quantiles (error bar) of the demographic response over the 100 data resampling is represented for both the hot (red) and the cold (blue) edges. Phylogenetic generalised least squares (PGLS) regressions are represented only for significant relationship with a non negligible magnitude of the effect (see details in caption of Fig. 4 ).
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